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We describe a new strategy for the in situ growth of molecular wires predicated on the synthesis of a trifunctional ''primed'' contact formed from metal-carbon multiple bonds. The ruthenium-carbon p bond provides structural stability to the molecular linkages under ambient conditions, and density functional calculations indicate the formation of an efficient conduit for charge carriers to pass between the metal and the molecule. Moreover, the metal-carbon p bond provides a chemically reactive site from which a conjugated molecular wire can be grown in situ through an olefin metathesis reaction.
For single-molecule electronics, more effort has been invested in the design and synthesis of the molecules and less in the fabrication of the molecule-to-metal contact. A common approach for molecular wires is an extended, conjugated, organic p system bonded to a metal surface (most frequently as a thiol linkage to gold) (1) . One limitation is that the gold thiol linkage is only structural; it lacks any subsequent chemistry that is useful. Also, because it is difficult to modify the energies and occupations of the sulfur 3p orbitals substantially, the metal-thiolate contact lacks an essential orbital conduit for electrons and/or holes. We present an alternative strategy for the in situ growth of molecular wires predicated on the synthesis of a trifunctional Bprimed[ contact formed from metal-carbon multiple bonds. The primed contact provides static structural stability and a chemically reactive site from which a molecular wire can be grown. It should also create an efficient conduit for charge carriers to pass between the metal and the molecule; the metal-carbon p bond continues the p conjugation from the conjugated molecule directly into the metal. The metal-carbon p bond is active in the olefin metathesis reaction, indicating that the reactivity of such sites can be exploited to grow conjugated molecular wires in situ.
Ruthenium (Ru) is an attractive material for electrodes because it readily forms hard, highly conductive thin films (2) . It is also a very active catalytic metal; carbene complexes in solution can catalyze the metathesis of olefins (3) . There are precedents for Ru-surface carbene complexes in ultrahigh vacuum (UHV): one using diazomethane (4) and the other diphenyl diazomethane (5) . In addition, the UHV studies of McBreen and co-workers have shown that surface molecule multiple bonds on metal-carbide surfaces are some of the most thermally stable adlayers (6) and are catalytically active (6) (7) (8) . We found that a freshly prepared Ru thin film (9) reacts at room temperature with either 4-bromophenyldiazomethane (1) or trimethylsilyldiazomethane (2) to give the derivatized surfaces 1a and 2a, respectively (insets to Figs. 1 and 2) (10). In each case, the C-N bond cleaves, and the C(H)R (R 0 4-bromophenyl or trimethylsilyl, respectively) fragment bonds directly to the metal. Scanning tunneling microscopy images on ruthenium single crystals indicate that a single, dense layer forms (11) .
The photoelastic modulation infrared (IR) reflection-absorption spectrum (12) of 1a (Fig.  1A) contains the C0C symmetric stretching modes at 1610 and 1585 cm -1 characteristic of a 1,4-disubstituted phenyl group. Three other major resonances are also present: the C0C asymmetric stretch (1465 cm -1 ) and the parallel (1370 cm -1 ) and perpendicular (940 cm -1 ) in-plane ring stretches (13, 14) . We did not observe any stretching modes indicative of the dibromostilbene that would result from the coupling of two carbenes or from a diazo functionality. The x-ray photoelectron spectrum (XPS) (12) of 1a shows the presence of the characteristic Br doublet arising from the 3d 5/2 and 3d 3/2 core levels (15, 16) .
For the reaction between a freshly prepared Ru surface and trimethylsilyldiazomethane, 2, the IR spectrum is dominated by two sets of peaks: one a broad and intense resonance at around 1200 cm -1 and the other a cluster of three peaks (2953, 2916, and 2854 cm -1 ) ( fig. S1A) (12) . The former is well known in methylsilane monolayers (17) and arises from the silicon-carbon stretch of the trimethylsilyl (TMS) group. The other three peaks are the asymmetric (2953 cm -1 ) and symmetric (2916 and 2854 cm -1 ) stretches indicative of terminal methyl groups (17) . Again, there was no evidence of a diazo stretch or an alkene stretch. The XPS for 2a shows the expected transition at about 100.5 eV for the silicon 2p core levels fig. S1B) (18) . The only other diagnostic feature in the XPS spectra from either 1a or 2a is the presence of wellknown ruthenium nitrides (19) (20) (21) .
These monolayers on Ru are exceedingly stable. We took no measures to protect the samples from oxygen or moisture, yet the XPS and IR signals from the monolayers remained unchanged when measured intermittently over the course of a few days. When we heated the films to 160-C for several hours the only detectable difference in the spectra was the conversion of the molecular nitride into the atomic nitride-a well-studied process ( fig.  S2 ) (20, 21) . Similarly, when the monolayers were placed into solvents such as ether, tetrahydrofuran (THF), or dodecane overnight they showed no change.
The IR and XPS data show that diazoalkanes react with a Ru surface, but it is yet to be determined the exact nature of the bonding of the otherwise divalent carbon to the surface of the metal. This C atom may form the carbon-metal double bond to a single surface Ru atom, as deduced from previous UHV studies (4, 5) . A second alternative is that the carbon bridges adjacent surface atoms, in either a doubly or triply bridge bonded arrangement. Unfortunately, we cannot observe spectral features assignable to any of these modes, and therefore we cannot distinguish which bonding form occurs in the present samples.
The distinction between the bonding modes may not be as practically important as one might imagine. Even if the carbene carbon bonds in a bridging fashion to two or more Ru atoms, its chemical reactivity should be similar to that of a Bmononuclear[ metal carbene. In solution, they show qualitatively similar chemistry when the carbene is either bridge-bonded between two ruthenium atoms or when there is an unambiguous carbon-ruthenium double bond (22) (although the former is catalytically less active).
In any case, we found that the surfacebound Ru n C(H)(R) unit can catalyze olefin metathesis and that the Ru-C linkage behaves sufficiently like a multiple bond that it warrants further study as a molecule-to-metal contact. When we treated 2a (prepared from 2 as above) with a large excess of 4-bromostyrene in diethylether overnight at room temperature, we saw the spectral features characteristic of 2a disappear and those of 1a appear (Fig. 2) (23). After reaction, the characteristic XPS signature for Br was present (Fig. 2B ), but the Si signature from the TMS group at È100.5 eV was absent ( fig. S3) . Similarly, the IR spectrum shows the loss of the intense C-Si stretch and appearance of the four resonances characteristic of the parasubstituted phenyl ring of 1a. The spectra of the surfaces prepared by means of diazoalkanes and by means of metathesis show different ratios of the C-C ring-stretching doublet around 1600 cm -1 , an indication of the surface conformation of parasubstituted aromatics, that likely reflects the different density of carbenes on the two surfaces.
The converse reaction, converting monolayer 1a into a monolayer 2a using vinyltrimethylsilane (Fig. 3A) also occurs. Under identical conditions to those used above for 2a, the conversion to 1a gives a mixture of different carbenes on the surface in approximately 8:5 ratio indicating a 60% conversion ( fig. S4 ). This reaction does not proceed to completion, whereas the reverse reaction does. This difference could be due to the surface 1a (prepared from 1) having a higher density of carbenes compared with that of surface 2a (prepared from 2) based on the larger crosssectional area for the bulky trimethylsilyl group, so that it is not possible to fully convert 1a to 2a by metathesis.
The data in Fig. 3B obtained with gas chromatography/mass spectrometry (GC/MS) serve as a strong indication that the surface reaction proceeds through a metathesis reaction. To aid in the analysis (by increasing the surface area and therefore the amount of the 4-bromostyrene produced), ruthenium particles were used instead of planar metal films.
These Ru particles were allowed to react with 1 and then placed in a solution of vinyltrimethylsilane. Both a 4-bromostyrene standard and the reaction mixture showed a peak in the chromatogram at a retention time of 7.27 min. The mass spectrum of this peak in both cases shows the expected mass and isotope pattern from 4-bromostyrene. The demonstration of a surface-initiated olefin metathesis reaction not only provides evidence of the multiple bond character of the Ru-C link but is also essential to our broader strategy of in situ synthesis of molecular wires starting from a primed metal surface (Fig. 3C) .
A carbene precursor such as a diazoalkane is necessary to initiate any of this chemistry. For example, when a fresh Ru surface is treated with either 4-bromostyrene or vinyltrimethylsilane under the conditions that led to metathesis (above), we did not observe bromine or silicon peaks in the XPS. Also, a Bcarbene metal[ such as Ru is necessary; the use of Au instead of Ru in these reactions did not produce a derivatized Au surface. Neither of the diagnostic peaks that result from the reaction of 2 with Ru (i.e., the Si-C stretch at 1236 cm -1 nor the Si peak in the XPS at 100.5 eV) was present when we treated a Au film with a solution of 2 in ether ( fig. S5 ). To understand the bonding of the ruthenium surface carbenes and the character of the electronic states that link to a molecular wire, we conducted a series of density functional theory calculations (24, 25). Both Ru clusters (26) and periodic slabs (27, 28) of Ru have been considered, coupled to several different carbenes. In Fig. 4A , we show results obtained for a carbene at the end of a 1,3-pentadienchain, C 5 H 6 : The conjugated p system forms a short molecular Bwire,[ whereas the terminal divalent carbon forms the carbene link to the metal. The bonding to the atop site on the Ru(0001) surface with the terminal carbene forms a simple double bond, giving a Ru-C bond length of 1.96 ). The length of the adjacent C-C single bond is similar to that of the corresponding bond in the related hexa-1,3,5-triene (table S1 ). Figure 4A also shows the frontier p orbital for the RuC 5 H 6 molecule. The Ru-to-C p bonding is essentially continuous with the rest of the p system on the molecule. Figure 4B shows the parallel comparison for C 5 H 5 , a carbyne, bonded in the hexagonally close-packed hollow site of the Ru(0001) surface. Again, the continuity of the p system bonding on the molecule is apparent and the geometry of the C 5 H 5 is indistinguishable from the double-bonded organic analog.
The degree of coupling of the p system to the extended states in the metal was monitored by computing the local density of states as a function of energy, projecting on the region of the last two C atoms in the molecule. The results are shown for energies near the Ru metal Fermi energy in Fig. 4C (29) . The occupied resonance clearly has the character of the highest occupied p state in the organic, with two nodes along the chain. The unoccupied resonance is similarly derived from the first empty p state, with three nodes along the chain (including the link to the surface.) The occupied resonance is quite broad, and the state has the general character of the organic p state throughout. These results indicate that the p bonding on the organic backbone couples smoothly to the d orbitals in the Ru metal. This looks very promising as a high conductance link between the Ru metal and the molecule. The p resonance overlaps the metal Fermi energy and is partially empty. This is consistent with the calculated change in the work function upon formation of this 2Â2 adlayer (namely È-0.5 eV).
This study demonstrates that solution-phase chemistry can be used to form stable monolayers between carbenes and ruthenium surfaces. These surface-bound carbenes are able to initiate olefin metathesis. Given the strong electronic coupling between the molecular p states and the conducting states in the metal, these systems form primed contacts with utility in molecular electronics as highly conductive and catalytic sites for in situ wire growth from electrode surfaces. The temporal evolution of past martian surface temperatures is poorly known. We used thermochronology and published noble gas and petrographic data to constrain the temperature histories of the nakhlites and martian meteorite ALH84001. We found that the nakhlites have not been heated to more than 350-C since they formed. Our calculations also suggest that for most of the past 4 billion years, ambient near-surface temperatures on Mars are unlikely to have been much higher than the present cold (G0-C) state.
Daily mean equatorial temperatures on Mars are close to 215 K. Surface geomorphic evidence of the flow of liquids, weathering minerals indicative of liquid/rock interactions, and the enrichment of heavy isotopes of several atmospheric species have led to suggestions that early Mars was significantly warmer, with temperatures possibly remaining above 273 K for extended periods of time (1) . On the basis of crater counting statistics, the colder, drier conditions are thought to have emerged at È3.7 billion years ago (Ga), with large (È10 8 to 10 9 years) uncertainties (2) . The growing geochemical and petrographic data set for martian meteorites (3) provides an opportunity to constrain the martian paleoclimate using multiple independent samples. We used noble gas thermochronometry of meteorites as an indicator of the evolution of surface temperatures on Mars.
K/Ar and 40 Ar/ 39 Ar dating studies have been conducted on all seven known nakhlites (4) and on martian meteorite ALH84001 (5, 6) . Fifteen K/Ar analyses on the nakhlites all give ages of È1.3 Ga, which are nearly identical to crystallization ages specified by the Rb/Sr, U/Pb, and Sm/Nd chronometers (7) and much older than the 11 million years ago (Ma) age of ejection from Mars, as specified by cosmic ray exposure dating (8, 9) . (U-Th)/He dating of the nahklites meteorites Nakhla, Lafayette, and MIL03346 (10, 11) has measured similarly ancient (È0.8 to 1.2 Ga) ages. The coincidence of the K/Ar and (U-Th)/He ages with the other chronometers suggests that the nakhlites have experienced no major heating since they formed. Similarly, the ancient 4 Ga 40 Ar/ 39 Ar age (6) and 4 Ga U/Pb apatite age (12) for ALH84001 suggests that this meteorite, which has Rb/Sr and Sm/Nd crystallization ages of 4.5 Ga and a cosmic ray exposure age of 15 Ma (13), has not experienced any major heating since 4 Ga. This is generally consistent with (U-Th)/He dating of ALH84001 phosphate, which gives a wide range of ages between 0.1 and 3.5 Ga (14) . Like the nakhlites, the 40 Ar/ 39 Ar age of Chassigny is È1.3 Ga and is close to its Sm/Nd and Rb/Sr crystallization ages (6, 13) . 40 Ar/ 39 Ar ages for most shergottites are ambiguous because of significant abundances of trapped Ar (6, 13) .
Using whole-rock 39 Ar release data of Swindle and Olson (15) and following the methods of (5, 16), we estimated the temperature dependence of the Ar diffusion coefficient D(T ) through the feldspar in Nakhla and Lafayette, assuming a spherical diffusion domain geometry (17) . We first considered Swindle and Olson_s Nakhla subsample 1. We assumed that the colinearity observed for the first È80% of the released 39 Ar (Fig. 1) indicates that the diffusion of Ar in Nakhla is thermally activated over this range. We also assumed that the presence of distinct arrays clearly separated by breaks in slope (Fig. 1) indicates that multiple diffusion domains are present. From this, we identified three (or possibly even four) primary arrays from the 39 Ar data and adopted the interpretation of (15) that the first three domains Ethe lowretentivity domain (LRD) and the one or two high-retentivity domains, which we will refer to as HRD and HHRD^likely represent iddingsite (LRD) and predominantly potassium feldspar admixed with plagioclase (HRD and HHRD). The final array, composed of the final È20% of gas released, appears to be from a phase (probably clinopyroxene) implanted with recoiled 39 Ar (15, 18) .
We characterized the spatial distribution of radiogenic 40 Ar ( 40 Ar*) and the Ar diffusion kinetics in the HRD alone. The HRD corresponds to the È1.3 Ga 40 Ar/ 39 Ar plateau age identified in (15) . We calculated a diffusion domain model by assuming that the neutroninduced 39 Ar distributions were initially uniform within two distinct domains. Gas was not permitted to exchange between the domains. We derived the following diffusion parameters for the two-domain (LRD and HRD only) model for the HRD of Nakhla: activation energy E a 0 117 T 5.4 kJ mol j1 and ln(D o /a 2 ) 0 5.7 T 0.9 ln(s j1 ) for diffusivity at infinite temperature D o and diffusive length scale a. These are in good agreement with diffusion parameters estimated for terrestrial potassium feldspars (19) . Nearly identical results were obtained for the nakhlite Lafayette and another Nakhla subsample ( fig. S1, A and B) . Similar Ewithin a factor of È1.2 and È2.4 for E a and ln(D o /a 2 ), respectively^values for the HRD were also obtained for a subset one-domain (HRD only) regression (20) and a three-domain (LRD, HRD, and HHRD) model, indicating that the inferred diffusion kinetics are not strongly sensitive to the form of the domain modeling (21) .
In the following calculations, we assume that this Arrhenius relation and corresponding diffusive length scale a have held for the nakhlites_ HRD since 1.3 Ga (22) . The model
